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CRBM-CNRS UMR 5237, 1919, Route de Mende, 34293In skeletal muscle atrophy, upregulation and nuclear accumulation of the Ubiquitin E3 ligase MAFbx
is essential for accelerated muscle protein loss, but the nuclear/cytoplasmic shuttling of MAFbx is
undeﬁned. Here we found that MAFbx contains two functional nuclear localization signals (NLS).
Mutation or deletion of only one NLS induced cytoplasmic localization of MAFbx. We identiﬁed a
non-classical NES located in the leucine charged domain (LCD) of MAFbx, which is leptomycin B
insensitive. We demonstrated that mutation (L169Q) in LLXXL motif of LCD suppressed cytoplasmic
retention of MAFbx. Nucleocytoplasmic shuttling of MAFbx represents a novel mechanism for tar-
geting its substrates and its cytosolic partners in muscle atrophy.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Loss of muscle mass results primarily from accelerated protein
degradation via the ubiquitin-proteasome pathway [1]. Proteins
degraded by this mechanism are covalently linked to an ubiquitin
(Ub) chain by a cascade involving Ub-activating (E1) enzyme,
Ub-conjugating (E2) enzyme and (E3) Ub-ligase. Polyubiquitinated
proteins are degradedby the26Sproteasome [2]. Inmultiplemodels
of skeletal muscle atrophy the muscle-speciﬁc F-box protein
MAFbx/Atrogin1 (MAFbx) is up regulated and appears to be
essential for accelerated muscle protein loss [3–5]. MAFbx is a sub-
strate-binding subunit that functions in a larger complex containing
three other subunits (Skp1, Rbx1, and Cullin1) components of the
SCF family of ubiquitin ligases [4–6]. Overexpression of MAFbx in
myotubes produces atrophy, whereasMAFbx/mice are resistant
to atrophy [4,7]. In myotubes undergoing atrophy, a cytoplasmic-
nuclear shuttling ofMAFbx anddegradationof themuscle transcrip-
tion factorMyoDare observed [7]. Nuclear import and export of pro-
teins occurs by passive diffusion, active transport or by binding in a
complex with an actively transported protein. Directed nuclear en-
try of a protein is determined by the presence of nuclear localization
signals (NLSs) containing clusters of positively charged basic aminochemical Societies. Published by E
.A. Leibovitch).
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Montpellier, Cedex 05, France.acids of lysine (K) and/or arginine (R) [8]. The NLSs interact with
their speciﬁc receptors, at least for two nuclear import pathways:
(i) the classical pathway, which involves the classical nuclear local-
ization sequences (NLSs) and the receptors importin-a/karyopher-
in-a and importin-b/karyopherin-b1; and (ii) the karyopherin-b2
pathway, which employs the proline–tyrosine (PY)-NLSs and the
receptor transportin-1/karyopherin-b2 [9]. Directed nuclear exit of
proteins is facilitated by the presence of nuclear export signals
(NES) characterized as hydrophobic and leucine-rich regions, some
of which bind to exportin (CRM-1) [10].
MAFbx contains two potential nuclear localization signals
located on both sides of the F-box domain. The C-terminal domain
of MAFbx interacts with cytoplasmic proteins such as calcineurin A
and a-actinin-2 at the Z-disc of the cardiomyocytes [11]. The se-
quence located NH2-terminal to the F-box contains a leucine zipper
domain (LZ) and a leucine charged residue-rich domain (LCD). LCD
interacts with MyoD and the activator of protein synthesis, eIF3f
[6,12]. The LLXXL sequence in LCD has been designated as a core
motif [6]. Here we report the functionality of these two NLSs.
Mutation or deletion of NLS1 or NLS2 induced impairment of the
nuclear localization of MAFbx. A non-canonical NES was found in
the LCD of MAFbx. GFP-tagged LCD domain exhibited a cytoplasmic
distribution insensitive to leptomycin B. Mutation (L169Q) in the
169LLQTL173 motif of LCD suppressed the cytoplasmic retention of
MAFbx. Our results show for the ﬁrst time thatMAFbx contains both
nuclear import and export signals enabling its nucleocytoplasmic
shuttling.lsevier B.V. All rights reserved.
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2.1. Plasmids constructions
The full-length coding sequence and deletion mutants of human
MAFbx were ampliﬁed by PCR to introduce XhoI and EcoRI sites on
each side of the open reading frame and cloned as XhoI–EcoRI frag-
ments into the eukaryotic expression vector pEGFPc1. Oligonucleo-
tides coding the NLS (AKKKRKV) of simian virus large tumor
antigen (SV40 T antigen) were cloned as EcoRI–BamHI fragment
into pEGFPc1 vector. The HA-tagged mouse HDAC6 coding vector
is a generous gift of Khochbin laboratory. Expression vectors
encoding HA-tagged wild type (WT) and mutants MAFbx were pre-
viously described [6,7].
2.2. Cell culture and transfections
Mouse C2C12 myoblasts were cultured in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) supplemented with 20% of foetal calf ser-
um (FCS) and antibiotics. High-level transfection efﬁciency for
C2C12 myoblasts was achieved by using Lipofectamin 2000 (Invit-
rogen) as described previously [7]. Myoblasts were incubated with
10 ng/ml LMB (Sigma) during 3 h before being ﬁxed and stained.
2.3. Immunoﬂuorescence staining
Cells were cultured on coverslips and ﬁxed with paraformalde-
hyde, permeabilized with 0.25% Triton X-100 for 30 min at room
temperature. The cells were treated with 5% normal goat serum
and immunostained with anti-HDAC6 polyclonal antibody or
anti-HA monoclonal antibody. Interaction with the secondary anti-
body was carried out as described [7]. Images were acquired on a
Zeiss Axiophot ﬂuorescent microscope M135 system and pro-
cessed with Image VisArt and Photoshop 8 (Adobe). More than
200 transfected cells were observed across three independent
experiments.Table 1
MAFbx contains two highly conserved nuclear localization signals (NLS) and a putative N
showing the NLS1 and the bipartite NLS2 sequences. Alignment of conserved hydrophobic
sequence identiﬁed by NetNES 1.1 server. Numbers refer to amino acid residues. The LLXX3. Results
3.1. Subcellular localization of MAFbx in live cells
In response to atrophic stimuli, MAFbx expression increased
leading to its nuclear accumulation [7]. Analysis and prediction of
cellular localization signals based on MAFbx amino acid sequence
by the PSORT II server (psort.nibb.ac.jp/form2.html) [13] conﬁrmed
the presence of two NLSs at residues 62–67 (NLS1: KKRKKD) and
280–295 (bi-partite NLS2: RKKLILSDKGQLDWKK) (Table 1). To test
the functionality of these NLSs, we constructed a panel of fusion
proteins containingmutants of MAFbx and an enhanced green ﬂuo-
rescent protein (eGFP) tag (Fig. 1A). Constructs were transiently
transfected in C2C12 myoblasts and GFP signal expression was
analyzed 24 h later. Overexpression of MAFbx WT showed a major
nuclear staining and a light diffuse staining in the cytosol (Fig. 1B).
Overexpression of MAFbx 2–102 (NLS1) and MAFbx 271–355
(NLS2) showed a strong nuclear staining. These data demonstrate
thatMAFbxcontains two functionalNLSs,whichare sufﬁcient to tar-
get heterologousprotein toward thenucleus.Deletionof eitherNLS1
(MAFbx 93–355) or NLS2 (MAFbx 2–227) induced a diffuse distribu-
tion of ﬂuorescence restricted to the cytosol. Additional deletion of
the LZdomain (MAFbx140–355) didnotmodify thediffuse distribu-
tion of ﬂuorescence to the cytosol. In contrast overexpression of
MAFbx 220–355 (deletion of the NH2-terminal part of MAFbx
containing the LZ and LCD domains) induced the relocalization of
the staining in the nucleus (Fig. 1B). To shed light into their relative
contribution to the nuclear import of MAFbx, conserved arginine
residuesweremutated inglycine inNLS1andNLS2.Whenexpressed
in C2C12 myoblasts mutant NLS1 (mNLS1) and mutant NLS2
(mNSL2) did not migrate to the nuclear compartment, showing a
bright staining in the cytoplasm (Fig. 2). These results demonstrated
thatmutation of NLS1 or NLS2 is sufﬁcient to suppress nuclear accu-
mulation of MAFbx. These data suggest that LCD is able to relocate
the fusion protein into the cytoplasm in the presence of one NLS
and the nuclear localization of MAFbx required both NLSs (Figs. 1BES-like motif in the LCD domain. Schematic representation of the MAFbx structure
residues (in red) from different MAFbx orthologs is compared with the NES consensus
L motif is shown in box.
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Fig. 1. MAFbx contains two functional NLS motifs and a nuclear exporting activity located in the LCD domain. (A) Schematic drawing of the molecular structure of MAFbx and
the design of fusion proteins. Nuclear localization (N) or the cytoplasmic localization (C) is indicated. B. C2C12 myoblasts were transfected with eGFP-MAFbx Wt or its
deletion mutants and subjected to ﬂuorescent microscopy examination. DAPI staining shows the position of cell nuclei and merge images is to conﬁrm the nuclear position
(N) or the cytoplasmic localization (C) of the GFP-tagged protein. Scale bar: 20 lM.
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Fig. 2. Effects of mutations in the NLS1 or NLS2 on subcellular localization of
MAFbx. C2C12 myoblasts were transfected with DNA encoding the eGFP-MAFbx wt
fusion protein or NLS mutants. Twenty hours after transfection, cells were ﬁxed,
stained by DAPI and localization of the GFP fusion proteins was analyzed by
ﬂuorescent microscopy. Scale bar: 20 lM.
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tern blot analysis and overexpression in primary culturedmyotubes
(Supplementary data Figs. S1 and S2).
3.2. Identiﬁcation of a NES-like consensus sequence in MAFbx
The above results suggest that the LCD domain could be
involved in the cytoplasmic localization of MAFbx. The amino acid
sequence of the LCD domain was compared with the sequence to a
loose consensus sequence determined for a leucine-type NES in a
database of known NES [14]. We noticed a large cluster of hydro-
phobic residues closely spaced in LCD. The amino acid residues
165–181 (165LIRELLQTLYTSLCTLV181) contained hydrophobic resi-
dues encoding a L-x3-L-x3-L-x3-L-x2-L motif. The NetNES1.1 data
base server did not assign a NES score value for LCD that would
not fulﬁl the loose consensus of a leucine-rich NES: Lx2-3LX2-3LxL
(Table 1).
3.3. The NES-like motif in the LCD domain promotes cytoplasmic
localization in muscle cells
To check whether the LCD domain is required for cytoplasmic
localization of MAFbx, we engineered a truncated form of MAFbx
encompassing amino acids residues 140–228 and inserted them
into the pCMV-eGFP and the pCMV-eGFP-SV40-NLS (Fig. 3). Con-
structs were transiently transfected into C2C12 myoblasts and
GFP signal expression was analyzed 24 h later. pCMV-eGFP
expression vector showed a diffuse staining mainly located in
the cytoplasm (Fig. 3, lanes a–c). Addition of the SV40-NLS tothe C-terminal of the eGFP was sufﬁcient to promote nuclear
accumulation of the GFP protein (Fig. 3, lanes d–f). In contrast
addition of the LCD domain was able to relocate the GFP-SV40-
NLS fusion protein into the cytoplasm as efﬁciently as in the ab-
sence of the SV40-NLS (Fig. 3, lanes g–l). These data demonstrate
that the LCD domain in MAFbx contains an export sequence,
which is sufﬁcient to target a heterologous nuclear protein to
the cytoplasm.
3.4. Export of MAFbx is leptomycin B insensitive
We investigated whether CRM-1 could be involved in the nu-
clear export of the LCD domain. Classical leucine-rich nuclear ex-
port signals are often seen to be exported from the nucleus by the
CRM-1/exportin pathway [9,10,15]. The CRM-1/exportin-speciﬁc
inhibitory compound, leptomycin B (LMB) was used to treat
MAFbx constructs expressing cells. As positive control, the known
exportin-dependent NES-containing protein, mHDAC6 [15] accu-
mulated in the nucleus after LMB treatment (Fig. 3B, lanes a
and b). In contrast LMB treatment had no signiﬁcant effect on
cytoplasm to nuclear shuttling of MAFbx WT and the LCD domain
(Fig. 3B, lanes c–f). These observations suggest that nuclear
export of MAFbx is mediated through a CRM-1-independent
pathway.
3.5. Mutation in the LLXXL motif is required to impair the ability of
MAFbx to translocate to the nucleus
Mutation (L169Q) in the LLXXL motif of the LCD domain dra-
matically reduced the binding to MyoD [6]. We investigated the
implication of the LLXXL motif in the cytoplasmic retention of
MAFbx. Fusion proteins containing both MAFbx WT or MAFbx
L169Q mutant and the GFP protein were transiently transfected
in C2C12 myoblasts and GFP signal expression was analyzed 24 h
later. As expected, overexpression of MAFbx WT showed a nuclear
staining (73% of nuclei in transfected cells were GFP positive).
Mutation (L169Q) in the LLXXL motif increased the GFP positive
nuclei up to 89% (Fig. 4A). Overexpression of deletion mutant
MAFbx 2–228 (containing NLS1) and deletion mutant MAFbx
140–355 (containing NLS2) showed a strong cytoplasmic localiza-
tion staining (Fig. 4B). Mutation L169Q induced a translocation
from the cytoplasm to the nucleus for the both constructs. Alto-
gether these data strongly suggest that the LCD domain contained
a strong retention cytoplasmic signal, which could be inhibited by
mutation of the LLXXL motif.
4. Discussion
The mechanisms that regulate the cytoplasmic-nuclear shut-
tling of MAFbx during muscle atrophy remain to be determined
[6]. Here, we demonstrated that MAFbx contains two independent
functional NLSs. One localized in the NH2-terminal domain and the
other in the C-terminal domain of MAFbx. Each of them is sufﬁ-
cient to translocate GFP-tagged heterologous protein to the nu-
cleus. Additionally, deletion or mutation of each NLS altered the
nuclear localization of MAFbx. This effect is regulated by a non-
canonical nuclear export signal located in the LCD domain. The
LCD domain exhibited a CRM1-independent cytosolic distribution
that could not be abrogated by treatment with LMB. Deletion of
LCD or mutation in the conserved core LLQTL motif (Table 1) sup-
pressed cytoplasmic retention of MAFbx (Fig. 4). The a-helical
LXXLL is described as a signature-motif mediating the recruitment
of coactivators by the nuclear hormone receptors [16] or the li-
gand-independent recruitment of steroid receptor coactivators to
estrogen receptor by cyclin D1 [17]. LCD in MAFbx is thought to
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Fig. 3. Effects of LMB treatment on subcellular localization of the full-length MAFbx and its LCD domain. (A) Despite predicted nuclear retention of the GFP protein, (GFP-
SV40NLS) ectopic expression of the LCD domain excluded the GFP-SV40NLS out of the nucleus in C2C12 myoblasts. (B) C2C12 myoblasts were transiently transfected and
cultured for 24 h. Then they were cultured in the absence or presence of LMB (10 ng/ml) for further 3 h. Subcellular localization was examined as described in materials and
methods. Scale bar: 20 lM.
366 L.-C. Julie et al. / FEBS Letters 586 (2012) 362–367be critical for interaction with the MOV34 domain of eIF3f [12], the
EGLQALLR motif in MyoD [6] and the Forkhead domain of the tran-
scription factors Foxo1 and 3A [18,19]. Altogether these ﬁndings
suggest that the LCD domain and LLXXL motif play a major role
as protein-interacting domain. Because LCD is not a classical NES
[9], a structural interpretation is that the LCD domain would inter-
act with cytosolic partners with high cytoplasmic afﬁnity. In mus-
cle undergoing atrophy, these partners no longer interact with
MAFbx after posttranslational modiﬁcations or degradation. Alter-
natively, atrophy could induce the synthesis of ‘‘atrogen’’ proteins
with high afﬁnity for the LCD domain preventing interaction with
normal cytoplasmic partners. The search of proteins that interact
with LCD in normal and atrophic conditions are currently under
investigations.Our results show for the ﬁrst time that MAFbx contains both
nuclear import and export signals enabling its nucleocytoplasmic
shuttling. These ﬁnding contributes new data for the understand-
ing of the MAFbx functions and allow us to speculate this phenom-
enon could represent a novel mechanism for the targeting of
MAFbx substrates during muscle atrophy and its associated cyto-
solic partners.
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the online version, at doi:10.1016/j.febslet.2011.12.031.
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